Model of Reading in Brain Tumor Survivors
With more sophisticated medical technology to diagnose and treat brain tumors, survivors are living longer than ever before providing impetus to study long-term outcomes. Cognitive dysfunction can be substantial and 40 to 100 percent of long term survivors experience some type of cognitive dysfunction (Glauser & Packer, 1991; Mulhern & Palmer, 2003) . However, cognitive difficulties are not always apparent immediately after treatment. In fact, many deficits do not appear until years after treatment is completed. Longitudinal studies have shown that survivors develop more slowly than their peers in verbal, nonverbal, and general intelligence (Palmer, 2008) . These learning difficulties appear to be due to a reduced rate of skill acquisition rather than a loss of previously learned skills (Mabbott, Penkman, Witol, Strother, & Bouffet, 2008; Palmer et al., 2001) . Therefore, a survivor may continue to learn and incorporate new information, albeit at a slower rate; hence, the performance of the survivor relative to same age peers grows increasingly discrepant.
Although measures of intelligence provide an adequate measure of general cognition, more research is needed on more specific functional impairments such as reading ability that affect everyday life in order to plan specific interventions. Reading achievement appears particularly vulnerable to disease and treatment risk factors in brain tumor survivors. Several studies have found decoding scores for real words to be below normative values after treatment (Beebe et al., 2005; Kieffer-Renaux et al., 2000; Reddick et al., 2003; Reeves et al., 2006; Robinson et al., 2010) . Studies examining short term survivorship (2 years or less post treatment) suggest decoding vulnerability in children treated with radiation therapy and also in those treated with surgery only (Beebe, et al., 2005; Reeves, et al., 2006) . Furthermore, longitudinal data indicate slower reading skill development in survivors over time, with decoding scores on average remaining below normative scores, signifying that survivors have more delays in the rate at which they are developing reading skills (Mabbott, et al., 2008; Mulhern et al., 2005; Reddick, et al., 2003) . A more recent study observed slower learning of reading decoding skills in survivors (Conklin, Li, Xiong, Ogg, & Merchant, 2008) , and also found that while standard scores for reading declined over time (median follow up time of 60 months), scores for spelling and math achievement remained at par with peers. These findings suggested that reading was more prone to difficulties than other areas of achievement in a group of childhood survivors of ependymoma brain tumor treated with radiation therapy.
While the aforementioned research suggests that reading development is disrupted across tumor types and treatment, reading has primarily been examined with regard to short term outcomes. Extended long term outcome studies, decades after diagnosis are scarce. Thus, relatively little is known about reading skills in long term survivors longer than 10 years since diagnosis. This study focuses on survivorship 17 years since diagnosis, on average, and young adults at an average age of examination of 25 years.
Understanding why survivors tend to struggle with learning and advancing reading skills is a fundamental step toward developing effective interventions. In survivors, academic achievement is considered a distal marker of a set of underlying deficits in core cognitive skills such as processing speed, attention, and memory (Mabbott et al., 2005; Mulhern, et al., 2005; Palmer, 2008) . In Palmer's (2008) developmental cascade model of the neurodevelopmental impacts of brain tumors, disease and treatment risk factors were proposed to be associated with broad outcomes of academic achievement and intelligence. She further theorized that these risk factors are associated with broad outcomes through their impact on underlying core cognitive functions. The mechanistic role of core cognitive skills in this model, and the underlying neural correlates as they relate to achievement, has not been adequately studied.
Information processing speed is hypothesized to be one of the core cognitive skills associated with automatic reading skills and reading fluency. Information processing speed refers to the efficiency of processing simple cognitive or perceptual information (Palmer, 2008) . In the general population, reading fluency difficulties are often accompanied by slower processing speed (Catts, Gillispie, Leonard, Kail, & Miller, 2002; Shanahan et al., 2006) . In brain tumor survivors, difficulties in processing speed have been observed in individuals with a variety of treatment regimens (i.e. surgery only, radiation and surgery, etc.). Processing speed has been identified as a possible precursor to broader cognitive dysfunction in survivors (Palmer, 2008) , and it is hypothesized to be the first deficit to arise after treatment, and persists over time (Mabbott, et al., 2008) . Furthermore, speed has been shown to be slowed even when deficits in other core skills have not been found (Briere, Scott, McNall-Knapp, & Adams, 2008; Mabbott, et al., 2008) . As processing speed is known to be associated with many complex cognitive processes, it was hypothesized that it is a precursor to potential reading difficulties in a population such as brain tumor survivors who experience global neural and cognitive insults due to various disease and treatment related factors.
In summary, survivors of childhood brain tumors experience reading difficulties reflecting slower rates of learning and automatization which may be related to slower processing speed. This theory-driven study aims to examine factors related to reading outcome and test a neurodevelopmental model of reading outcome in long term survivors. In addition, given the neurobiological effects of brain tumors and their treatment, the neural underpinnings related to reading were important to integrate into these existing models.
Neurological insult in childhood, can negatively affect the development of white matter and further impact cognitive function (Cascio, Gerig, & Piven, 2007) . From fMRI studies, it has been learned that reading is a complex cognitive skill involving the coordination of multiple regions of the brain. Studies of word decoding have established a reliable network of left hemisphere brain regions responsible for skilled reading. This network consists of an anterior region in the inferior frontal gyrus (IFG), a dorsal posterior region in the parietotemporal area (PT), and a ventral posterior region in the occipitotemporal area (OT) consisting of the visual word form area in the fusiform gyrus (Pugh et al., 2001; B. A. Shaywitz et al., 2002) . The parietotemporal region in particular appears to work in concert with the IFG to command early development of word decoding (Booth et al., 2001; Pugh et al., 2010) , while further learning is facilitated by communication between the occipitotemporal area and IFG. The occipitotemporal area becomes central as proficiency in word decoding increases and this area is particularly attuned to skilled and fluent reading (B. A. Shaywitz et al., 2007; S. E. Shaywitz & Shaywitz, 2008) . Given the occipitotemporal area's facilitation of speeded, fluent reading, factors that impact processing speed may primarily impact the development of reading in this region.
Studies examining white matter structure and reading in typically developing participants and those with dyslexia have found support for the disruption of posterior reading systems in poor readers (Beaulieu et al., 2005; Deutsch et al., 2005; Klingberg et al., 2000; Niogi & McCandliss, 2006) . They have also found negative correlations between white matter microstructure in the corpus callosum and reading skill, which is hypothesized to reflect reduced lateralization in poor readers (Frye et al., 2008; Odegard, Farris, Ring, McColl, & Black, 2009 ).
However, little work has directly examined white matter tracts thought to belong to the hypothesized reading system. Previous work in brain tumor survivors has found associations between white matter structure and cognitive function and reading skill using whole brain volumetric or diffusion tensor imaging (DTI) voxel-based exploratory approaches (Palmer et al., 2010; Reddick, et al., 2003) . However, DTI tractography allows for the more direct tracking and measurement of connections between brain regions (Mori & van Zijl, 2002) and quantifies the white matter microstructure that is not apparent on traditional MRI. The ability to more directly examine connections between cortical functional reading related regions in the brain is crucial for identifying possible areas of poor neural communication in survivors. Therefore, it is important to examine whether and to what extent the neuroanatomical reading system has been disrupted and how this impacts reaching achievement outcomes for these survivors. Understanding the cognitive mechanisms by which white matter dysruption is associated with reading vulnerability in survivors will build upon and provide alternative evidence that strengthens existing models.
Aim 1:
To examine word reading and the white matter tract microstructure connecting the primary cortical regions involved in skilled reading. It is planned to separately examine, (1) inferior frontal gyrus to parietotemporal area (IFG-PT), (2) inferior frontal gyrus to occipitotemporal area (IFG-OT), and (3) parietotemporal area to occipitotemporal area (PT-OT).
It was hypothesized that both the survivor group and the healthy control group would have significant positive relationships between white matter integrity in each of the three measured tracts and word reading skill.
Aim 2:
To test a moderated mediation model of the association between white matter integrity in each of the 3 tracts and word reading being mediated by processing speed. It is hypothesized that the indirect effect of processing speed as the mediator would be moderated by group (survivors vs. controls).
Secondary analyses included testing the specificity of the model to reading and related white matter tracts by testing the model with skilled motor speed as the dependent variable in place of reading, as well as testing the model with a non-reading related tract (the cortico-spinal tract) as the independent variable.
Method Participants
Nineteen adult survivors of childhood brain tumor and 19 demographically matched control participants took part in this study. The study was approved by local institutional review board and all participants signed informed consent. Brain tumor survivors were recruited from two sources using opt-in letters mailed to survivors identified by: 1) a previous longitudinal study, in which they participated as children 2) a local children's hospital. In these analyses, survivors were included if they were a native English speaker, demonstrated adequate vision, scan was free of metal artifact or distortion in left hemisphere and left hemisphere free of major abnormality near tested tracts and ROIs or resection site near tested tracts and ROIs. SCID (Structured Clinical Interview for DSM-IV-TR Axis 1) indicated all survivors were free of current psychopathology with the exception of one survivor who met diagnostic criteria for Dysthymia (First, Spitzer, Gibbon, & Williams, 2002) . Data from one survivor were excluded due to extreme scores on the neuropsychological measures, and deemed a multivariate outlier.
Thus 18 survivors were included in analyses.
Nineteen healthy control participants were chosen to match the survivor group by age, sex, ethnicity, socioeconomic status, and level of education. The healthy control group was recruited from the local university's psychology department research subject pool, friends of survivors, and community sample fliers. Inclusion criteria for control participants included English as their native language and SCID interviews indicating free of current psychopathology.
The final sample of 37 participants (62% female) had a mean age at the time of study participation of 24.19 years (SD=4.51, range=19.42 to 40.67) (see Table 1 ). Participants had completed an average of 14.16 years (SD=1.52) of education. The Wechsler Abbreviated Scale of Intelligence (WASI) (Wechsler, 1999) four subtest version was used to measure intelligence.
The Hollingshead Four Factor Index of Social Status (Hollingshead, 1975) was used to calculate socioeconomic status (SES) of each participant (scores of 1, 2, or 3 out of 5 were grouped as "high" SES). Seventy-nine percent of the sample was grouped as high socioeconomic status.
Twenty-two percent of participants identified as African-American, 3% as Asian, 57%
Caucasian, 8% Hispanic, and 3% mixed ethnicities. Groups were dichotomized into the majority ethnicity (Caucasian) and other ethnicities to test group differences. Groups were not significantly different on any demographic variable (see Table 1 ).
Survivors were on average 7.22 (4.57 SD) years at diagnosis (range 1-17 years) and 17.13 (5.43 SD) years post-diagnosis (range 5-24 years) at time of evaluation. Survivor tumor pathologies included: medulloblastoma (6), pineoblastoma (1), astrocytoma (9), ganglioglioma (1), and craniopharyngioma (1). Tumors were located in the parietal lobe (1), occipital lobe (1), optic nerve (2), pituitary (1), and posterior fossa (13). In terms of treatment, all survivors had neurosurgery to remove the tumor, 8 participants were treated with both radiation and chemotherapy, 1 participant treated with chemotherapy, and 1 treated with radiation therapy, and 6 survivors were also diagnosed with hydrocephalus.
Measures
Reading Achievement. Reading achievement was examined with the Letter-Word Identification (LWID) subtest of the Woodcock Johnson Tests of Achievement III (Woodcock, McGrew, & Mather, 2001b) . LWID is a measure of real word decoding. For this task, participants are presented with written words to read orally and the score is based on correct pronunciation (Woodcock, McGrew, & Mather, 2001a) . This measure has been utilized to quantify reading ability in survivors of childhood brain tumors, and children with dyslexia, and has been linked to white matter measures over a range of ability levels (Frye et al., 2010) . LWID z-scores computed from normative data (Woodcock, et al., 2001b) were used as the primary dependent variable.
Information Processing Speed. The Symbol Digit Modalities Test (SDMT) Oral Version
was used in this study as the measure for information processing speed. The SDMT Oral Version is a perceptual task that unlike many tests of processing speed, does not involve a motor component requiring fine visuo-motor coordination and speed. Instead it is based on a verbal response, allowing a more pure measure of information processing speed, as opposed to motor speed. The SDMT involves converting simple meaningless geometric designs into oral number responses according to a key that matches each symbol to a number (A. Smith, 1982) . The participant is given a 90 second time limit to complete as many items as they can. The score is based on the number of items correctly completed within the time limit. The SDMT has been used extensively as a measure of processing speed in a range of populations, including various types of brain disorders (Christodoulou et al., 2003; Parmenter, Weinstock-Guttman, Garg, Munschauer, & Benedict, 2007; Perrine et al., 1995) . Oral SDMT z-scores computed from normative data (A. Smith, 1982) were used for the current study.
Skilled Motor Speed. Skilled motor speed was used as the control task because while it is an important cognitive outcome in brain tumor survivors, it was not hypothesized to be strongly related to the white matter tracts tested. It was measured using the Grooved Pegboard test dominant hand score (Ruff & Parker, 1993) . This task requires the participant to fit key-holeshaped pegs into holes in a pegboard using only one hand at a time, going as quickly as possible.
The raw score is the amount of time in seconds that it takes the participant to put pegs into all the holes on the board. Z-scores computed from normative data (Bornstein, 1985) were used in the current study.
White Matter Microstructure. Diffusion tensor imaging (DTI) is a noninvasive, in vivo
technique used to indirectly measure the quality of white matter structure based on the diffusion of water within tissue. DTI is sensitive to changes in white matter due to injury, damage or development (Assaf & Pasternak, 2008) . Among bundles of myelinated axons, water diffuses along the direction of the axon in an anisotropic manner (Cascio, et al., 2007) which is quantified in this study using fractional anisotropy (FA), which is an indirect normalized measure of directional diffusion. High anisotropy suggests fast water diffusivity parallel to the fibers, and slow diffusivity perpendicular to the fibers (Assaf & Pasternak, 2008) . The FA index ranges between 0 and 1 with 1 suggesting maximal directional diffusion and 0 suggesting isotropic diffusion. However as an indirect and nonspecific measure, FA can be influenced by other cellular properties such as inflammation, axon density, axon diameter, and crossing fibers (Tournier, Mori, & Leemans, 2011; Wheeler-Kingshott & Cercignani, 2009 ). Thus, changes in these cellular properties rather than white matter integrity may also lead to changes in FA and differences should be interpreted with caution. Given that the brain is a complex system, however, DTI is a manageable non-invasive tool for the purpose of macroscopic white matter comparisons (Tournier, et al., 2011) .
Scan Acquisition. A Siemens Trio 3T scanner with a standard RF 12 channel head coil was used to obtain DTI and anatomical data. A 30 direction single shot spin echo diffusionweighted sequence with 60 contiguous axial slices interleaved and 2 non-diffusion weighted images was acquired with 2 x 2 x 2 mm resolution and coverage of the whole head (b value=1000s/mm 2 , TE/TR= 90ms/7700ms, FOV=204mm, GRAPPA=2). 3D T1-weighted images were used for anatomical registration (176 contiguous sagittal slices, TR=2250 ms, TE=3.98 ms, flip angle=9 degrees, voxel=1.0x1.0x1.0mm).
Probabilistic Tractography. Probabilistic tractography was used to identify the 3 hypothesized tracts between the functional reading-related regions. FDT 2.0 (FMRIB's Diffusion Toolbox) part of FSL 4.0 was utilized for diffusion image processing and tractography analyses (S. M. Smith et al., 2004; Woolrich et al., 2009) . The T1 and DTI data were manually checked for motion and artifact. Registration was completed using (linear) FLIRT. Eddy current correction was performed to correct for induced distortions on the images from eddy currents in the gradient coils. DTFIT fit a diffusion tensor model at each voxel. The BEDPOST tool estimated distributions on the diffusion parameters for each voxel by running Markov Chain Monte Carlo sampling. Probabilistic tractography was carried out in native space with Probtrackx using regions of interest to seed the tract and compute the likely principal tract between a priori areas of the brain. The Probtrackx algorithm repetitively sampled from the distributions on voxel-wise principal diffusion directions to compute the streamline/tract (Behrens et al., 2003) . This creates a distribution of the most likely dominant pathway between regions while taking into account uncertainty or error within each voxel (Behrens, Berg, Jbabdi, Rushworth, & Woolrich, 2007) . The output is a probability map of the connections between ROIs, which was then thresholded at 50% and converted to standard MNI space. The tract was then used as an ROI and overlaid on the individual's FA map in MNI space and the average FA value was extracted from within the tract ROI. All tracts were visually inspected to ensure that the program accurately identified the expected and neuroanatomically consistent tract between regions of interest.
Regions of Interest for tract definition. Waypoint and exclusion masks were utilized to optimize the tract output. The inferior frontal and parietotemporal reading regions were hypothesized to be structurally connected through the arcuate fasciculus (sometimes considered part of the superior longitudinal fasciculus). Recent work on the structure of this tract has discovered that the arcuate fasciculus actually contains multiple tracts (Catani, Jones, & ffytche, 2005) : (1) connecting superior temporal with inferior frontal regions, (2) connecting inferior frontal gyrus (IFG) with the inferior parietal lobule (PT), (3) connecting superior temporal to the inferior parietal lobule (Catani & Mesulam, 2008; Wakana et al., 2007) . The specific tract that was chosen for this study was segment (2) connecting the IFG and PT areas. Published guidelines were used to create the ROIs to enter in the probabilistic tractography analyses to obtain the arcuate fasciculus (Catani & Mesulam, 2008; Wakana, et al., 2007) . Although a specific segment of the arcuate fasciculus was measured, this segment will be referred to as the arcuate fasciculus for this report (see Figure 1 ).
The structural connection between the IFG and the occipitotemporal area (OT) was hypothesized to be consisting of the inferior fronto-occipital fasciculus (IFOF) (Vandermosten et al., 2012) . The IFOF runs anterior-posterior and connects visual association areas with frontal association areas. Previously published ROI guidelines were used to create the ROIs to enter in the probabilistic tractography analyses (see Figure 1) (Vandermosten, et al., 2012; Wakana, et al., 2007) .
The specific tract connecting PT and OT reading areas was unknown and not well defined by a major tract. Therefore, regions of interest included gray matter areas in the PT and OT. The PT was defined as the Angular gyrus using the JHU Histological Atlas probabilistic map thresholded at 50%. The OT area, more specifically, the Visual Word Form Area, is described as centering over the occipitotemporal sulcus but does not have specific gyral boundaries and has primarily been defined functionally. Therefore, the center coordinates of this area (MNI coordinates x: − 44, y: − 58, z: − 15) were used as the center of a 5 mm-radius sphere (Noble, Wolmetz, Ochs, Farah, & McCandliss, 2006) . This sphere was used as the ROI for the OT area as has been implemented in previous research (Noble, et al., 2006) . The pathway connecting these areas likely runs in the superior-inferior direction (see Figure 1) .
The cortico-spinal tract (CST) was chosen as a control tract given that it was not expected to be related to the neuroanatomically-defined reading system nor reading skills. Rather this tract is known to be associated with the relay of sensorimotor information (Binkofski et al., 1996; Schaechter, Perdue, & Wang, 2008) . Previously published ROI guidelines were used to create two ROIs to enter in the probabilistic tractography analyses (Wakana, et al., 2007) .
Tracts were removed from analyses if the output included the incorrect tract or if the output did not identify a tract between the ROIs. Three participant's data (2 control, 1 survivor) did not produce a tract output for the PT-OT connection. Another three participant's data (2 control, 1 survivor) produced the incorrect tract from the ROIs intended to produce the IFOF.
For one participant, the superior ROI for the CST was not able to be drawn due to tumor location in that area. These data could not be corrected and therefore were excluded from analyses.
However, these participant's other tract data were appropriate and were used in analyses. With these specific tracts excluded, the sample size for each comparison was different. However, the sample size was never lower than 17 (control group) compared with 16 (survivor group).
Procedure
Cognitive measures were administered during one study visit while DTI scans occurred during a second study visit. With the exception of 3 individuals, the average time between testing and scanning was 1.94 months. Three participants had greater than 1 year between visits (17-67 months, 1 survivor, 2 control). We acknowledge that greater time between the cognitive data and DTI scans could be a confound; therefore we re-ran the correlation analyses excluding these 3 participants. The direction and strength of the relationships did not significantly change when these participants were excluded, therefore these participants were kept in the final analyses. Demographic variables were collected via self-report. Medical variables for survivors were collected through medical records. Participants were compensated for their time and travel.
Analysis
Demographic variables of age, sex, SES, and education were evaluated as potential confounds to be used as covariates in analyses. A confound was defined as a variable that was significantly related to the independent variable as well as correlated with the dependent variable. Education met these criteria for the IFOF tract only, thus education was entered as a covariate in analyses pertaining to the IFOF tract. For the AF and PT-OT tracts, the impact of education on the variance explained in the mediation models was investigated and suggested that education did not explain significant variance in word reading. Thus, due to the limited sample size, education was not included as a covariate in analyses with the AF and PT-OT. No other demographic variables met criteria for a confound (see Table 1 ).
Correlation Analyses. To address the first aim of the study, to explore the relationship between reading skill and white matter integrity associated with the tracts connecting the three primary functional reading brain regions, correlations were conducted for the survivor and healthy control groups separately. Given that fractional anisotropy (FA) was expected to be positively related to word reading skill for both groups as seen in previous research (Vandermosten, et al., 2012) , one-tailed correlations were run. We did not expect an association in the opposite direction. The following measures were correlated with WJ-III Letter Word Identification z-scores: FA in each of the three white matter connections using a partial correlation for IFOF and bivariate correlations for Arcuate fasciculus, and PT-OT. A p-value of less than .05 was considered a statistically significant relationship. Effect sizes (r values) were also evaluated.
Moderated Mediation Analyses. Guidelines developed by Preacher et al. (2007) were
followed to investigate the role of processing speed as a mediator in the relationship between integrity of the white matter connection and reading skill with group membership as a moderator of the indirect effect. Model 5 (Preacher, et al., 2007) was utilized because Group was predicted to moderate both the a and b paths of the mediation model, thereby moderating the entire indirect effect.
The Dr. Andrew Hayes' SPSS "modmed" macro was used (http://www.afhayes.com/spss-sas-and-mplus-macros-and-code.html). The model first calculates significance based on the Sobel test for the conditional indirect effects and provides p-values for significance levels. Then the model provides a 95% bootstrap confidence interval (bias-corrected and accelerated) for each level of the moderator (with a dichotomous moderator). The number of bootstrap samples was set at 5,000. The bootstrap approach does not make assumptions about the shape of the sampling distribution like normal theory tests (Preacher, et al., 2007) . Instead, through bootstrapping, the sampling distribution of the conditional main effect is estimated nonparametrically by sampling with replacement and the bootstrap sampling distribution is used to generate confidence intervals for the conditional indirect effect (Preacher, et al., 2007) .
Normal theory tests generated in the SPSS macro were verified by bootstrapping (Preacher, et al., 2007) . Bootstrap confidence intervals (bias corrected and accelerated) for each level of the moderator informed the statistical significance of the conditional indirect effect in each group. A confidence interval that does not include zero was considered a statistically significant conditional indirect effect. The B value indicates the direction of the relationship, therefore a positive B value indicates that the survivors (group 1) show a greater mediating relationship than the control group (group 0). Group mediation effects were also compared using R 2 values.
Control Tract and Task.
To increase confidence that any findings in this study are related to reading skill specifically, and not an effect on general abilities, we investigated the relation between white matter integrity and skilled motor speed, as mediated by processing speed. The outcome variable was Grooved Pegboard dominant hand z-scores. The moderating variable was Group (Survivor=1, Control=0).
To be more confident that any findings in this study were related to the specific white matter areas studied, and not an effect on global white matter structures, we investigated the relation between white matter integrity (FA) in the cortico-spinal tract and reading achievement as mediated by processing speed.
Results
Descriptive statistics (see Table 1 ) demonstrate that the groups differed on measures of FA of the Arcuate Fasciculus (AF), word reading, and skilled motor speed. Even so, reading abilities appeared to be mostly intact in this group of survivors, with 82% of survivors exhibiting scores at or above 1.5 SD below mean. Obtaining correlations by excluding the impaired scores (n=3) from the survivor group did not change the results. Therefore, we included them in all analyses. In contrast to previous research on IQ changes in childhood brain tumor survivors, IQ measures did not differentiate the groups (Palmer, 2008) .
Aim 1
Aim 1 examined the relationship between word reading scores and the three hypothesized reading-related white matter tracts (see Figure 2) . For the IFOF, both groups showed a significant association with reading (survivor: r(14)=.45, p≤.05; control: r(14)=.58, p=.009).
Thus, higher white matter integrity was associated with better word reading scores. For the AF, white matter integrity did not show a significant relationship with reading scores in either group and the effect sizes were small (survivor: r(17)=.05, p>.05; control: r(18)=-.03, p>.05). The white matter integrity of the PT-OT was significantly correlated with reading for the survivor group (r(16)=.46, p≤.03) but not for the control group. However, the control group evidenced a medium effect size (r(16)=.40, p≤.06). In sum, the white matter microstructure of the tracts extending from the OT area (IFOF and PT-OT) show medium to large correlations with word reading.
Aim 2
Aim 2 hypothesized that processing speed would mediate the relationship between white matter integrity of each tract studied and word reading, and this mediation would be moderated by group. In the moderated mediation analysis, the mediator variable model indicated that the interaction between group and IFOF was significant (see Figure 3 ; b=28.20, t=2.12, p<.05) . The dependent variable model indicated that the interaction between group and processing speed was significant (b=.59, t=2.60, p<.05). Thus, group membership significantly moderated a and b paths of the model such that the survivor group (Group 1) evidenced a stronger indirect effect.
The moderation of the conditional indirect effect was verified with bootstrapping with 5,000 samples. The 95% bootstrap bias corrected accelerated confidence interval did not contain zero for the survivor group confirming the statistical significance of the conditional indirect effect in this group. Further, the variance explained by the mediation model in the survivor group was 61% and 45% in the control group. The result of this moderated mediation is consistent with our prediction for Aim 2.
With the Arcuate Fasciculus (AF) entered as the independent variable, the effect of the interaction between group and AF integrity was not significant which was confirmed by bootstrapping. Thus, this moderated mediation model is not supported with AF as the predictor (see Figure 3) .
When the PT-OT tract was tested as the predictor variable in the moderated mediation analysis, the mediator variable model indicated that the interaction between group and PT-OT was significant (see Figure 3 ; b=21.27, t=2.08, p<.05). The dependent variable model indicated that the interaction between group and processing speed was significant (b=.66, t=2.97, p<.01).
Thus, group membership significantly moderated a and b paths of the model such that the survivor group (Group 1) evidenced a stronger indirect effect. The moderation of the conditional indirect effect was verified with bootstrapping with 5,000 samples. The 95% bootstrap bias corrected accelerated confidence interval did not contain zero for the survivor group confirming the statistical significance of the conditional indirect effect in this group. Further, the variance explained by the mediation model in the survivor group was 61% and 18% in the control group.
The result of this moderated mediation is consistent with our prediction for Aim 2.
Model Specificity
When the moderated mediation model was tested with the corticospinal tract (CST), the interaction between CST integrity and group did not significantly predict processing speed (b=10.70, SE=9.33, p>.05). Bootstrapping confirmed the lack of significance.
Skilled motor speed was entered in the moderated mediation model, with separate models for each reading tract. For IFOF, the correlation with skilled motor speed indicated a significant positive relationship (r(16)=.52, p<.05). However, in accordance with predictions, the moderated mediation models were not significant with either of the three reading tracts. Thus, for skilled motor speed that was not hypothesized to be related to reading skill, the moderated mediation model was not significant with tracts in the reading system.
Discussion
Building upon an existing neurodevelopmental models of reading, processing speed was found to improve the prediction of the relationship between white matter microstructure and word reading for two of three tracts studied. White matter integrity was related to reading scores but this association was mediated by processing speed. Group significantly moderated the conditional indirect effect of white matter on word reading, with the mediation model being significant for the survivor group but not for the control group.
Moderated Mediation Model
The significant moderated mediation, indicating a conditional indirect effect of group, supports and builds upon the neurodevelopmental model of outcomes in childhood brain tumors (Palmer, 2008) . The current study's model of the relationships between white matter, reading and processing speed is in line with our hypotheses and consistent with previous work studying the relationship among these constructs. Poorer reading has been shown to be related to poorer processing speed in individuals with brain injury and with reading disabilities (Barnes, Dennis, & Wilkinson, 1999; Shanahan, et al., 2006) , and our study demonstrates that this relationship extends to childhood brain tumor survivors. Analyses with control tract and control task suggest the moderated mediation model is specific to word reading and the IFOF and PT-OT tracts rather than broader cognitive outcomes or global white matter microstructure, which strengthens the specificity of the model.
For both the PT-OT and the IFOF, group membership (survivor vs controls) was found to moderate the indirect effect of white matter integrity on word reading through processing speed.
The findings supported the hypothesis and indicated that in the survivor group, individual differences in processing speed improved the prediction of the relationship between white matter integrity and word reading. In the control group, this relationship was not predicted and indeed, processing speed was not a mediator. Our moderated mediation analysis provided statistical evidence that the indirect effect of processing speed was dependent on group membership. Our model illustrates that how white matter integrity and reading are related is a critical difference between the groups. This model lends support for the developmental cascade model as demonstrated by the effect of processing speed in survivors despite similar means between the groups. The developmental cascade hypothesis predicts that deficits in core cognitive skills such as processing speed in childhood cascade over time to adversely affect the learning and development of cognitive outcomes (Fry & Hale, 1996 Palmer, 2008) . This is consistent with empirical evidence that brain tumor survivors experience a slower rate of learning compared to peers.
The development of core cognitive skills, particularly processing speed in this study, may be crucial in translating structural connectivity into reading skill for survivors. Reading is a complex learned skill, in which brain areas for language, speech, and vision processing must be integrated to achieve effective phonological processing, word analysis, fluency, and comprehension. Therefore, it is reasonable that core cognitive skills may serve as developmental scaffolding as reading is learned and practiced.
White Matter Integrity and Word Reading
We found significant associations between the white matter integrity of the IFOF and PT-OT connection and word reading skill for childhood brain tumor survivors and typically developing individuals suggesting these pathways are important for word reading in adults regardless of history of brain tumor. These findings are in line with previous research that purports a similar relationship between white matter integrity and reading for both skilled and poor readers irrespective of prior childhood brain tumor (Niogi & McCandliss, 2006) . The current study replicates IFOF findings from a recent study using a similar ROI method in adults, and adds the PT-OT as an important pathway particularly in brain tumor survivors (Vandermosten, et al., 2012) . With regard to the arcuate fasciculus, recent work suggests that AF may be more specifically focused on phonological awareness aspects of reading, which may explain the current study's lack of findings with the AF (Vandermosten, et al., 2012) .
Importance of Occipitotemporal Pathways
The current study compliments previous research by demonstrating that tracts from the OT area to reading regions defined by functional MRI (fMRI) are critical for reading in adult survivors and controls. Prior research used exploratory or whole-brain methods such as Tract Based Spatial Statistics and Voxel Based Analysis, which has led to some confusion when the location and orientation of a key finding in the parietotemporal area did not correspond to extant knowledge about connections between cortical areas. This has led researchers to question how white matter findings correspond with the current fMRI model of reading. Although whole brain analysis methods can be fruitful in discovering unexpected yet meaningful correlations, it is also important to examine relationships using empirically driven and a priori theoretically driven models (Niogi & McCandliss, 2006) .
The results suggest that the OT area is a critical junction in the reading system for young adults. This area has been shown to play an important role in fluid reading as reading skill progresses. Differences in the function of this region between poor and skilled readers has led researchers to suggest the functional breakdown in the OT is a biomarker for reading disabilities (Pugh et al., 2000) . The white matter from the OT connecting with the inferior frontal gyrus (IFG) and PT areas as measured by the IFOF and PT-OT tracts in this study may underlie these findings in functional MRI studies of reading. Together these findings emphasize the importance of continued examination of white matter pathways emanating from the OT.
The association of PT-OT tract to word reading is not surprising, given that damage to the angular gyrus and its associated connections with the occipitotemporal area results in alexia in which one is unable to read (Damasio & Damasio, 1983) . Past research also has found a functional disconnection between the angular gyrus and occipitotemporal regions in adult males with dyslexia (Horwitz, Rumsey, & Donohue, 1998) . In children, typical readers showed functional connectivity between the OT and IFG, whereas poor readers seemed to rely on a different connection and showed functional connectivity between the OT and right prefrontal areas (S. E. Shaywitz et al., 2003) . Furthermore, a recent resting state functional connectivity study found that reading was positively associated with functional connectivity from the OT area to both the IFG and PT (inferior parietal lobule) in adults (Koyama et al., 2011) . However, functional connectivity is a measure of the temporal correlation between separate regions of activation and does not necessarily imply structural connectivity (Fingelkurts, Fingelkurts, & Kahkonen, 2005) . This study adds to the increasing evidence for role of OT in reading development and helps build a richer theoretical model of reading in which functional and structural connectivity findings complement each other. Along these lines, future work could structurally examine the different functional connections used by poor readers described earlier (S. E. Shaywitz, et al., 2003) .
Word reading in the current sample of survivors
Although only 18% of the survivors in our sample (3 individuals) had word reading performance in the clinically impaired range (1.5 or more standard deviations below the mean), their scores on average were significantly lower than controls. This finding is in line with previous research showing greater risk for reading difficulties in survivors (Robinson, et al., 2010) . The low proportion of impaired word reading performance might be explained by the fact that Letter-Word ID is an untimed task and therefore may underrepresent the real world reading difficulties experienced by survivors in the classroom or a work setting.
Due to the larger sample needed to detect a significant effect these findings should be considered preliminary until replication with a larger sample (Fritz & Mackinnon, 2007) . A limitation of this study was the necessary exclusion criteria of individuals with metal artifact or large anatomical abnormalities. The current sample of survivors may represent a "best outcome" group and findings may not generalize to survivors with greater neurological complications. That said, 44% of our survivors had radiation and chemotherapy as treatment (8/18), and 33% had hydrocephalus. In addition, the PT-OT pathway is less well defined by a major neuroanatomical tract. However, empirical research on the fMRI-based neural reading circuit guided the choice of regions of interest. Different ROI methods were utilized for the PT-OT connection compared to the other connections and this must be taken into account when comparing results. More work is needed to determine the effect of disease (e.g. tumor type and location), treatment factors (e.g. cranial radiation therapy, chemotherapy, hydrocephalus, seizures), age at diagnosis, and time since diagnosis for long-term childhood brain tumor survivors. Exploratory analyses in the current sample suggested that age at diagnosis explained 9% additional unique variance in the survivor mediation model; radiation/chemotherapy explained 2% additional variance. However a larger sample is needed to address the complexities of these treatment factors on outcomes in adult survivors.
A strength of this study was the use of the empirical literature to drive predictions about specific tracts. The chosen tracts (IFOF and AF) and regions of interest (PT-OT) were based on the extensive literature on the functional MRI based reading system and the hypothesized mechanisms of dysfunction that occur in individuals with dyslexia (i.e. poor communication between reading areas). Comparing the tracts within an empirically-based system can allow researchers to test theoretical relationships and develop models to investigate potential breakdown in the system. However, a structural connectome or network based approach would allow for examination of network interconnections rather than as separate tracts hypothesized to connect nodes. A connectome approach is based on the motivation that brain function is a result of the topology of complex networks rather than individual regions or tracts alone (van den Heuvel & Sporns, 2011) . Future research on the reading network using a connectome approach would complement the current study.
Given that in the current study, the relationships between specific white matter tract integrity, processing speed, and reading are present in early adulthood survivors, the most advantageous interventions may be ones that strengthen the link between processing speed and reading. Such interventions may focus on the automaticity and speed of reading to help prevent slow processing speed from cascading into poorer reading outcomes. Currently, reading
interventions are being developed and tested that focus on dual aspects of reading difficulties: speed and decoding (Katzir et al., 2006; Wolf, Miller, & Donnelly, 2000) .
Conclusions
The current study integrated the neuroimaging-derived reading neural system literature and the childhood brain tumor literature to strengthen and develop a richer neurodevelopmental model for long-term brain tumor survivors. The findings support the model that white matter pathways emanating from the occipitotemporal area are important for word reading in adults. In addition, in brain tumor survivors, processing speed is a mechanism by which the relationship between white matter integrity and word reading is impacted. The research on white matter integrity of pathways underlying functional neural systems is growing as innovative neuroimaging technology and analysis approaches rapidly accelerate. Examining the underlying white matter structure is an important and major force in piecing together the development of typical and disrupted reading skill. 
